Anomalous normal fluid response in a chiral superconductor by Bae, Seokjin et al.
Anomalous normal fluid response in a chiral superconductor
Seokjin Bae,1 Hyunsoo Kim,1 Sheng Ran,1, 2 Yun Suk Eo,1 I-Lin Liu,1, 2 Wesley T.
Fuhrman,1 Johnpierre Paglione,1, 2 Nicholas P. Butch,1, 2 and Steven M. Anlage1
1Center for Nanophysics and Advanced Materials, Department of Physics,
University of Maryland, College Park, MD 20742, USA
2NIST Center for Neutron Research,
National Institute of Standards and Technology, Gaithersburg, MD 20899, USA
(Dated: September 20, 2019)
Abstract
A chiral superconductor has been proposed as one pathway to realize topological quantum com-
putation utilizing the predicted Majorana normal fluid at its boundary1–4 (i.e., a point, edge, or
surface). The search for experimental realizations has led to the discovery of 1D5 and 2D6 chiral
superconducting systems. However, the long-sought 3D chiral superconductor with surface Majo-
rana normal fluid is yet to be found. Here we report evidence for a chiral spin-triplet pairing state
of UTe2 with significant surface normal fluid response. The microwave surface impedance of UTe2
crystals was measured and converted to complex conductivity. The anomalous residual normal
fluid conductivity in the zero temperature limit supports the presence of a significant normal fluid
response. The superfluid conductivity follows the low temperature behavior predicted for the chiral
spin-triplet state. The temperature dependence of the superfluid conductivity also reveals a low
impurity scattering rate and low frequency-to-energy-gap ratio, implying that the observed normal
fluid response does not have a trivial origin. Our findings suggest that UTe2 can be a new platform
to study exotic topological excitations in higher dimension, and may play the role of a versatile 3D
building block in the future era of topological quantum computation.
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Topological insulators, with non-zero topological invariants, possess metallic states at
their boundary.7 Chiral superconductors, with non-zero topological invariants, possess Ma-
jorana fermions at their boundary.4,8,9 Majorana fermions are an essential ingredient to
establish topological quantum computation.10 Hence great effort has been given to search
for chiral superconducting systems. So far, 1D and 2D examples have been found from a
semiconductor nanowire with end-point Majorana states,5 and Sr2RuO4 with edge Majo-
rana modes.6 However, a 3D chiral superconductor with a surface Majorana normal fluid
has not been unequivocally found.4 Recently, a newly discovered heavy-fermion supercon-
ductor UTe2 is proposed to be a long-sought 3D chiral superconductor with evidence of the
chiral spin-triplet paring state from a scanning tunneling microscopy (STM) study.11 This
raises a great deal of interest in the physics community to independently establish the exis-
tence of the normal fluid response, determining whether or not the response is intrinsic, and
identifying the nature of the pairing state of UTe2.
To address these three questions, the microwave surface impedance of UTe2 crystals was
measured by the dielectric resonator technique (See Methods and Ref.12). The obtained
impedance was converted to the complex conductivity, where the real part is sensitive to
the normal fluid response and the imaginary part is sensitive to the superfluid response.
By examining these results, here we confirm the existence of the significant normal fluid
response of UTe2, verify that the response is intrinsic, and identify the gap structure consist
with that of chiral spin-triplet pairing state.
Figure 1 shows the surface impedance Zs = Rs + iXs of sample S1 as a function of
temperature. The surface resistance Rs decreases monotonically below Tc ≈ 1.6 K and
reaches a surprisingly high residual value Rs(0) ≈ 22 mΩ at 11 GHz. This value is larger
by an order of magnitude than that of another heavy-fermion superconductor CeCoIn5
(Rs(0) ≈ 0.9 mΩ at 12.28 GHz).13 Subsequently the sample was cut into two pieces, and
their electric resistivity (Fig. 1) was measured. The temperature-dependent resistivity from
each piece are identical, implying good homogeneity of the sample. The large Rs(0) was
reproduced in another sample S2 (Supplementary information B).
With the surface impedance, the complex conductivity σ˜ = σ1 − iσ2 of the sample can
be calculated. In the local electrodynamics regime (Supplementary information C), one has
Zs =
√
iµ0ω/σ˜. Figure 2(a) shows σ1 and σ2 of S1 as a function of temperature. Here,
an anomalous feature is the monotonic increase of σ1(T ) as T decreases. Note that σ1 is a
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property solely of the normal fluid. For superconductors with a topologically trivial (i.e.,
non-chiral) pairing state, most of the normal fluid turns into superfluid and is depleted
as T → 0. As a result, in the low temperature regime, σ1 shows a strong decrease as
temperature decreases, and is expected to reach a theoretically predicted residual value
σ1(0)/σ1(Tc) = 0 (for fully gapped s-wave
14) and 0.1 ∼ 0.3 (for line nodal dx2−y2-wave15,16).
As shown in Fig. 2(b), this behavior is observed from the case of Ti17 (s-wave) as well as
CeCoIn5
13 (dx2−y2-wave). In contrast, the UTe2 crystal shows a monotonic increase in σ1
as the temperature decreases and reaches a much larger σ1(0)/σ1(Tc) = 1.25, implying the
normal fluid conduction channel is still active and provides a significant contribution even
at the lowest temperature.
To further understand this anomalous behavior, a two-fluid model for the electrody-
namics can be introduced. The two-fluid model describes the complex conductivity of the
superconductor in terms of the superfluid and normal fluid contribution,18,19
σ˜(T ) =
ne2
m∗
(
fs(T )
iω
+
fn(T )τ(T )
1 + iωτ(T )
)
, (1)
where n is total electron density, m∗ is the effective mass of the electrons, fn is normal fluid
fraction, fs = 1− fn is the superfluid fraction, and τ is the normal fluid scattering life time.
This model yields a quadratic equation for ωτ in terms of the σ2/σ1 and fn (See Methods).
To have real solutions for τ , fn must satisfy the following condition,
fn ≥ 2
1 +
√
1 + (σ2/σ1)2
(2)
For the case of conventional superconductors in the clean limit, σ2/σ1 →∞ as T → 0,13,14,20
which yields fn ≥ 0, allowing the normal fluid to be fully depleted. However, for the case of
UTe2, σ2(0)/σ1(0) = 1.87 remains finite which sets a minimum residual normal fluid fraction
fn(0) ≈ 64 % (Fig. 3(a)). This residual normal fluid fraction is reproduced with almost the
same value on sample S2 (fn(0) ≈ 60 %), suggesting the consistent existence of the residual
normal fluid.
Another property one can extract from the complex conductivity is the effective pentra-
tion depth. σ2(T ) determines the absolute value of the effective penetration depth at each
temperature as σ2(T ) = 1/µ0ωλ
2
eff(T ). Once the absolute value of the penetration depth
is known, the normalized superfluid density can be calculated as ρs(T ) = λ
2
eff(0)/λ
2
eff(T )
(See Methods for λeff(0)), and its low temperature behavior is determined by the low energy
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excitations of the superconductor, which is sensitive to the pairing state.21 The spin-singlet
pairing states are inconsistent with our penetration depth data (See supplementary infor-
mation D). Also singlet states cannot explain the reported upper critical field Hc2 which is
larger than the paramagnetic limiting field.22 Thus, only the spin-triplet pairing states are
discussed below.
For a spin-triplet pairing state, ρs(T ) follows different theoretical low temperature behav-
iors depending on two factors. One is whether the magnitude of the energy gap |∆(kˆ, T )|
follows that of a chiral state ∆0(T )|kˆ × Iˆ| (Fig. 4(a)) or a polar state ∆0(T )|kˆ · Iˆ| (Fig.
4(b)). The other is whether the vector potential direction Aˆ is parallel or perpendicular
to the symmetry axis of the gap Iˆ.21,23 Figure 4(c) shows fits of ρs(T ) to the theoretical
behavior23 of the various triplet pairing states. Apparently, the data follows the behavior
of the chiral pairing state with the direction of the current aligned to Iˆ. Therefore, one
can argue that UTe2 shows ρs(T ) consistent with the chiral triplet pairing state. The low
temperature asymptote of ρs(T ) in this case is given as ρs(T ) = 1 − pi2(kBT/∆0(0))2. The
fitting in Fig. 4(c) yields an estimate for the gap size ∆0(0) = 1.991 ± 0.003kBTc ≈ 0.275
meV. Note that a recent STM study11 measures a similar gap size (0.25 meV).
Our study shows evidence for the chiral triplet pairing state and a substantial amount
of normal fluid in the ground state of UTe2. Before attributing this residual normal fluid
to an intrinsic origin, one must first examine the possibilities of an extrinsic origin. One
of the possible extrinsic origins would be a large impurity scattering rate Γ. However, if
one fits the temperature dependence of the normalized superfluid density into the modified
theoretical asymptote for the chiral triplet state which considers Γ,23
ρs(T ) = 1− 1
1− 3 Γ
∆0(0)
(
pi
2
ln 2− 1) pi21− piΓ
2∆0(0)
(
kBT
∆0(0)
)2
, (3)
one obtains Γ = 0.005 ± 0.003kBTc and ∆0(0) = 1.995 ± 0.003kBTc. This small impurity
scattering rate is inconsistent with the impurity-induced normal fluid scenario. Another
possibility is a large number of quasiparticles excited by the microwave photons of the
measurement signal. However, this scenario is also improbable because the maximum energy
gap ∆0(0) = 275 µeV is much larger than that of the microwave photon Eph = 45 µeV used
here.
With several candidates for extrinsic origin excluded, one of the possible intrinsic origins
is nonunitary superconductivity. With an equal-spin-pairing state revealed by the Hc2,
22 the
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degeneracy between spin-up and spin-down Cooper pairs can be removed if the system breaks
time-reversal symmetry. In such a case, superconducting pairing occurs spin-selectively, and
hence the superfluid and normal fluid can coexist. However, there exists a puzzle for this
scenario. UTe2 belongs to the D2h point group with strong spin-orbit coupling,
22 and this
is incompatible with nonunitary pairing.24 Instead, the results from a recent bulk thermal
conductivity measurement in UTe2
25 raise another interesting possibility. The study reveals
the absence of a residual linear term as a function of temperature in the thermal conductivity,
implying the absence of residual normal carriers, at least in the bulk. This suggests the
combination of a surface normal fluid and bulk superfluid.
Considering the evidence of the chiral pairing state from the superfluid density analysis, a
possible source of the surface normal fluid is the gapless chiral-dispersing surface states of a
3D chiral superconductor, which would be a counterpart of the chiral-edge mode (Majorana
mode) of a 2D chiral superconductor.1,2,4 Evidence for these surface states is seen in a large
in-gap density of states from STM studies of UTe2
11 and a quasi-classical calculation.26
If this scenario is true and one considers the effective impedance model of a thin normal
layer backed by a thick superconductor,27 a surface conduction channel should have a sheet
resistance Rsurfs ∼ 0.35 Ω at the zero temperature limit to explain the measured impedance
(Supplementary information E).
In conclusion, our findings imply that UTe2 may be the first example of the 3D chiral
triplet superconductor with a surface Majorana normal fluid. With topological excitations
in a higher dimension, this material can be a new platform to pursue unconventional super-
conducting physics, and act as a setting for topological computation.
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METHODS
Growth and preparation of UTe2 single crystals. Single crystal samples of UTe2
were grown by the chemical vapor transport method using iodine as the transport agent.22
The sample sizes are about ∼2×3×0.5 mm3 with the shortest dimension being crystallo-
graphic c-axis of the orthorhombic structure. For the microwave surface impedance mea-
surement, the top and bottom ab-plane facet are polished on a silicon carbide paper with
4000 grit. The mid-point Tc of the samples from DC transport measurements ranges from
1.6 to 1.7 K.
Microwave surface impedance measurement. The microwave surface impedance of
UTe2 crystals was measured by the dielectric resonator technique.
12 The sample was mounted
in a semi-cavity structure with top niobium and bottom copper plate. A rutile disk was
placed on top of the sample surface and facilitates microwave transmission resonances. The
TE011 resonance mode occurs at ≈ 11 GHz in this structure. The microwave magnetic field
of the mode is radial from the axis of the disk and the c-axis of the sample and induces
an azimuthal circulating current on the ab-plane sample surface, and hence surveys the ab-
plane electrodynamic response. The temperature of the sample was varied from 20 mK
to 2.4 K. As the temperature of the sample was varied, the change in resonant frequency
∆f0(T ) = f0(T ) − f0(Tmin), and the quality factor Q(T ) were measured. Note that the
external contribution to the Q from the cables and the coupling was removed with an in-
situ calibration28 and unloaded Q calculation.29,30 To avoid sample heating, weak microwave
power Pin = −30 dBm was used, where we found the Pin dependence of f0(T ) and Q(T )
saturates below Pin = −25 dBm. The HFSS (high-frequency structure simulator) simulated
Ohmic heating from the surface current for Pin = −30 dBm at T → 0 is 0.19 nW.
The measured resonant properties can be converted into surface resistance Rs(T ) and the
change in surface reactance ∆Xs(T ),
Rs(T ) + i∆Xs(T ) = G
(
1
Q(T )
+ i
2∆f0(T )
f 20 (T )
)
, (4)
through a geometrical factor G that can be estimated from the geometry of the resonator
and the field distribution of the mode,12,31 and calibrated from the normal state resistivity
of the sample (Supplementary information A) and Ref.32). The absolute value of Xs(T ) can
be determined by equating Rs(T ) and Xs(T ) in the normal state (above Tc). This equality is
expected when the scattering rate is much higher than the measurement frequency (1/τ  ω)
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so that the conductivity of the sample has only a real part to a good approximation. The
self-consistency of this assumption can be examined with the obtained scattering life time
τ near Tc from the two-fluid model analysis.
As described in the next subsection of Methods, once the temperature dependence of the
minimum normal fluid faction fn(T ) is determined from Eq. (2), one can estimate that of
the scattering life time τ(T ) from Eq. (7). As seen in the inset of Fig. 3, the scattering rate
1/τ exceeds 600 GHz as the temperature approaches to Tc. Considering the measurement
frequency of 11 GHz, this result is consistent with the assumption ωτ  1 used to equate
Rs and Xs above Tc.
Deriving quadratic equation for the normal fluid scattering life time from the
two-fluid model. From Eq. (1), the real and imaginary parts of the conductivity can be
obtained as,
σ1 =
ne2
m∗
fnτ
1 + ω2τ 2
(5)
σ2 =
ne2
m∗
1 + ω2τ 2 − fn
ω(1 + ω2τ 2)
. (6)
If one divides Eq. (6) by Eq. (5), it yields a quadratic equation for ωτ in terms of the
conductivity ratio σ2/σ1 and normal fluid fraction fn with solution,
ωτ = 0.5
σ2
σ1
fn ±
√(
σ2
σ1
fn
)2
− 4(1− fn)
 . (7)
Note that one can estimate the scattering life time τ(T ) with the obtained temperature
dependence of the normal fluid faction fn(T ) from Eq. (7), and the result is presented in
the inset of Fig. 3. With these results, the oscillator strength ne2/m∗ can be also obtained
as 1.18× 1018 C2/m3kg from Eq. (5).
Determining of the value of the zero temperature absolute penetration depth
and comparison to other Uranium based superconductors. Once the effective pen-
etration depth at each temperature (T ≥ 20 mK) is obtained from σ2(T ) = 1/µ0ωλ2eff(T ).
The effective penetration depth at zero temperature can be obtained by extrapolating the
data with a power law fit λeff(T )−λeff(0) = aT c over the low temperature regime T < 0.3Tc,
resulting in λeff(0) = 1126 nm and c = 2.00 for S1 (λeff(0) = 947 nm and c = 1.92 for S2).
25
This value is similar to the Uranium based ferromagnetic superconductor series such as
UCoGe (λeff(0) ∼ 1200 nm)33 and URhGe (λeff(0) ∼ 900 nm),34 where UTe2 represents the
7
paramagnetic end member of the series. This result is also consistent with recent muon-spin
rotation measurements on UTe2 which concluded λeff(0) & 1000 nm.35
Error bar of the fitting parameters of the normalized superfluid density. In
the fitting of the normalized superfluid density, The error bar of the fitting parameter (i.e.,
∆0) was determined by the deviation from the estimated value which increases the root-
mean-square error of the fit by 1%.
ADDENDUM
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FIG. 1. Microwave surface impedance and DC transport resistivity of a UTe2 single
crystal. The measured temperature dependence of the surface impedance of a UTe2 sample (S1)
at 11 GHz. The blue curve represents the surface resistance Rs and the red curve represents the
surface reactance Xs. The two curves were constrained to merge above ≈ 1.6 K which is the Tc of
this sample. After the surface impedance measurement, the sample (dashed rectangle inset) was
divided into two pieces (L and R). Normalized electric resistivity for L (orange) and R (green) were
measured with a 4 contact transport technique. The vertical dash line shows the mid-point Tc of
these pieces.
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FIG. 2. Anomalous residual conductivity of UTe2 compared to the superconductors
with other pairing symmeties. (a) Real (red) and imaginary (blue) part of the complex
conductivity σ˜ = σ1 − iσ2 of the UTe2 sample (S1) at 11 GHz. (b) Normalized real part of
conductivity of UTe2 (red), a line nodal dx2−y2-wave superconductor CeCoIn5 (blue),13 and a fully
gapped s-wave superconductor Ti (green)17 versus reduced temperature T/Tc. All measurements
are done with the same, low frequency-to-gap ratio of ~ω/2∆0 ≈ 0.08.
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FIG. 3. A significant residual normal fluid fraction from a two-fluid analysis. Results
of two-fluid analysis of complex conductivity of the two UTe2 samples S1 and S2. Temperature
dependence of the minimum normal fluid fraction fn(T ) obtained from Eq. (2), showing a consistent
and significant residual normal fluid fraction fn(0). The inset is temperature dependence of the
normal fluid scattering rate 1/τ obtained from the normal fluid faction fn(T ) and Eq. (7).
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FIG. 4. Evidence for the chiral triplet pairing state from the superfluid density. (a) A
schematic plot of the gap magnitude |∆(k)| (orange) and the Fermi surface (blue) in momentum
space for the chiral triplet pairing state. I represents the symmetry axis of the gap function.
Note that two point nodes (red) exist along the symmetry axis. (b) For the case of the polar
state. A line node (red) exists along the equatorial plane. (c) Low temperature behavior of the
normalized superfluid density ρs(T ) in UTe2 with best fits for various triplet pairing states, and
relative direction between the symmetry axis I and the vector potential A.
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Supplementary Information: Anomalous normal fluid response in
a chiral superconductor
A. Calibration of the geometric factor
The geometric factor G of Eq. (4) of the Methods section depends on the detailed shape
of the sample and must be calibrated. This can be done by comparing resistivity of the
sample obtained from the microwave surface impedance measurement and the 4 contact DC
transport measurement above Tc of the sample. First, the uncalibrated surface resistance
from the microwave measurement Rraws above Tc is calculated from the measured quality
factor Q and the estimated Gest for the ideal geometry (infinite plane).12,36 This Rraws is
related to resistivity ρraw through
ρraw = 2 [Rraws ]
2 /µ0ω. (S1)
The converted resistivity ρraw is compared to the value from the 4 contact DC transport
technique ρtrans. Since G ∼ Rs ∼ √ρ, the ratio of the resistivity ρraw/ρtrans provides a
correction factor as follows,
Gcorr
Gest
=
√
ρtrans
ρraw
, (S2)
where Gcorr is the calibrated geometry factor from which the calibrated surface impedance
can be obtained. The calibration ratio Gcorr/Gest was 1.435 for S1 and 1.049 for S2.
B. Microwave properties of sample S2
The microwave surface impedance and complex conductivity measured from the sample
S2 are plotted below in Fig. S1 and S2.
C. Estimation for the mean free path and justification for local electrodynamics
When the measured surface impedance Zs is converted to the complex conductivity, the
simple relation Zs =
√
iµ0ω/σ˜ is used, which is valid in the local electrodynamics regime
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(ξ(0), lmfp  λ(0)) where ξ(0) is the superconducting coherence length at T = 0, lmfp is
the mean free path, and λ(0) is the magnetic penetration depth at T = 0. To see if UTe2
is indeed in this regime, one needs to compare the values of lmfp, ξ(0), and λ(0). Since
the scattering life time τ(0) = 8.65 ps is obtained from Fig. 3 of the main text, once the
Fermi velocity vF is known, lmfp = vF τ(0) can be easily estimated. Although there has
been no photoemission work on UTe2, the value of band Fermi velocity v
band
F = 19200 m/s
has successfully reproduced the experimentally measured Hc2(T ) curves.
22,37 This yields the
renormalized Fermi velocity vrenormF = 10978 m/s with correction from the coupling strength
0.749.22,37 lmfp estimated from this renormalized Fermi velocity is 95 nm. Considering the
estimated ξ(0) = 4 ∼ 7 nm from Hc2 measurement22,37 and λ(0) ≈ 1000 nm from the main
text, UTe2 is in the local electrodynamics regime (ξ(0), lmfp  λ(0)).
D. Inconsistency between singlet pairing states and low temperature behavior of
the penetration depth
As discussed in Methods section, the penetration depth of UTe2 shows the low temper-
ature behavior which can be fitted to ∆λeff(T ) = aT
c with c = 2. For the singlet pairing
states, the possible cases which show the observed quadratic temperature dependence are
a dx2−y2 pairing state in the dirty limit38 and dx2−y2 state in the nonlocal electrodynamics
regime.39 In both of the cases, the low temperature behavior of the penetration depth shows
a quadratic behavior below a crossover temperature T ∗ and shows a linear behavior above
T ∗. This crossover behavior can be expressed as below,38,39
∆λeff(T ) = α
T 2
T + T ∗
. (S3)
The possibility of the dirty d-wave scenario can be examined by checking the value of T ∗.
If one fits the penetration depth data of the sample S1 and S2 with the above expression,
one obtains T ∗impurity ≥ 2.96Tc for both samples. T ∗impurity can be converted to the impurity
scattering rate Γ ' (kBT ∗impurity)2/(0.832∆(0)).21 If one assumes ∆(0) = 2.14kBTc, which is
valid for a typical weak-BCS coupled dx2−y2 state, one obtains Γ ≥ 5.96kBTc. This impurity
scattering rate much larger than the critical temperature will make the entire superconductor
into the normal state even at zero temperature. Therefore, the dirty limit dx2−y2 pairing
scenario is inconsistent to our data.
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The possibility of the nonlocal electrodynamic regime can be also examined by the value
of T ∗ which can be estimated from a superconducting coherence length ξ(0), penetration
depth λeff(0), and the gap energy ∆(0) at zero temperature by T
∗
nonlocal = ∆(0)ξ(0)/λeff(0).
This estimation gives T ∗nonlocal ≈ 0.01Tc for both samples. This means that the penetration
depth should follow the linear temperature dependence above 0.01Tc, which contradicts our
data that shows the quadratic behavior up to the full fitting range 0 ∼ 0.3Tc. Since both of
the singlet pairing states turns out to be inconsistent to our data, in the superfluid density
analysis of the main text, only spin-triplet pairing states are considered.
E. Effective impedance for a surface normal conduction channel backed by a ho-
mogeneous bulk superconductor
To see what properties the surface normal conduction channel need to have to explain
the measured microwave impedance, it is important to calculate the effect of the surface
normal conduction layer on the effective impedance of the sample. For a thin normal fluid
layer with conductivity σ and thickness t backed by a bulk material with an impedance Zb,
A. R. Kerr has derived the expression for the effective impedance,27
Zeff =
k
σ
ekt + σZb−k
σZb+k
e−kt
ekt − σZb−k
σZb+k
e−kt
. (S4)
Here, k(σ) = (1 + i)/
√
µ0ωσ/2 is the wave vector of the surface normal fluid channel. In
the zero temperature limit, if one attributes all the normal fluid response of the sample to
the surface normal fluid, which might be due to Majorana normal fluids for example, and
assumes the bulk superfluid is free from unpaired electrons, one can reduce the impedance of
the back superconductor to purely imaginary Zb = ZSC = iXSC . With these assumptions,
one can rewrite the effective impedance Zeff of this hybrid structure as a function of σ, t,
and XSC ,
Zeff =
k
σ
ekt + iσXSC−k
iσXSC+k
e−kt
ekt − iσXSC−k
iσXSC+k
e−kt
. (S5)
Therefore, for given values of XSC , by equating the calculated Zeff to the measured
impedance of the sample Zmeas, the conductivity σ and the thickness t can be obtained,
which in turn provides the sheet resistance Rsurfs = 1/σt of the surface normal conduction
channel.
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In this thin surface normal / thick bulk superconducting hybrid structure, most of the
reactance originates from the back superconductor. Therefore, the thickness t and conduc-
tivity σ of the surface normal layer are calculated and plotted for the values of XSC near
the measured reactance Xmeas. As can be seen from Fig. S3(a), the surface normal layer
thickness t decreases as the reactance of the back superconductor XSC increases. In contrast,
the sheet resistance remains about constant regardless of XSC . Figure S3(b) shows a plot
of Rsurfs versus t. Note that the thickness of the surface conduction channel, if it exists,
cannot be estimated with the limited information on the properties of UTe2 available in the
literature at the moment. Therefore, the thickness of the topological surface conduction
channel in other materials is examined to obtain a sense of the range of thickness. It is
reported that the surface channel thickness is 5 ∼ 30 nm for the case of SmB640–42 and 3 nm
for the case of Bi2Se3.
43 Therefore, in Fig. S3(b), Rsurfs is plotted for the case of thickness
< 100 nm, which would be a safe upper limit of the surface channel thickness. In this range
of thickness, it is found that Rsurfs falls in the range of 0.35 ∼ 0.40 Ω. The sheet resistance
is a representative property of interest in transport measurements. If one can measure the
sheet resistance of the surface channel separately and obtain a value of the above range, it
will further verify the surface normal fluid scenario.
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FIG. S1. The measured temperature dependence of the surface impedance of a UTe2 sample
(S2) at 11 GHz. The blue curve represents the surface resistance and the red curve represents the
surface reactance. The two curves are constrained to merge above ≈ 1.7 K which is the Tc of this
sample. The orange curve represents normalized electric resistivity of S2, which is measured with
a 4 contact transport technique. The vertical dashed line shows the mid-point Tc of S2.
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FIG. S2. Real (red) and imaginary (blue) part of the complex conductivity σ˜ = σ1 − iσ2 of the
UTe2 sample (S2) at 11 GHz.
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FIG. S3. (a) The red (blue) curve represents the thickness (the sheet resistance) of the surface
normal conduction channel in terms of the reactance of the backing superconductor. (b) The
relation between the sheet resistance of the surface channel and its thickness.
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